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Open access under the EConnective tissue growth factor (CTGF/CCN2) is a protein of the CCN family that modulates cell–ECM
interactions in a variety of cell types. In this study, we investigated the chemotactic and adhesive prop-
erties of CCN2 protein in embryonic teratocarcinoma P19 cells. Initially, P19 cells were attracted to CCN2-
coated agarose beads. In Boyden chamber experiments, CCN2-containing medium induced a threefold
greater migration of P19 cells. CCN2 adhesion properties were studied by using optical tweezers. The spe-
ciﬁc adhesion times of P19 cells to polystyrene beads coated with laminin, ﬁbronectin, CCN2 and bovine
serum albumin were 1.8 ± 0.5s, 2.7 ± 0.4s, 10 ± 2s and 13 ± 2s, respectively, revealing an unexpectedly low
adhesive capacity of CCN2 protein for P19 cells. In conclusion, our ﬁndings support the chemoattractive
role of CCN2 for P19 cells, but not its adhesive role when compared to laminin or ﬁbronectin.
 2011 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
Cell adhesion on extracellular matrix (ECM) molecules plays a
central role in many complex biological processes, such as morpho-
genesis, differentiation, migration, growth and survival. Cell adhe-
sion to substrates has four sequential stages: cell attachment,
spreading, migration, and/or immobilization [1]. As the cell spreads
over the ECM, cell-signaling cascades activate the reorganization of
actin cytoskeleton [2–4]. These events are particularly important
during development, since embryonic cells mustmigrate to the cor-
rect position in order to form speciﬁc tissues [5]. They are also
important in cancer. Tumor cells express a number of ECM-adhe-
sive abnormalities, which contribute signiﬁcantly to the progres-
sive loss of anchoring-dependent growth function and therefore
to the ability to acquire an invasive phenotype [6].
P19 embryonic carcinoma cells have been extensively used as a
model to address questions related to cell differentiation, adhesion,
and migration [7–9]. P19 cells display embryonic as well as tumor
cellular features such as migratory behavior and a stem cell-likeEmbriologia de Vertebrados,
ral do Rio de Janeiro, Rio de
lsevier OA license.state. They are able to differentiate into cells derived from the
three germ layers [9–12].
Connective tissue growth factor (CTGF/CCN2) is a member of
the CCN [CYR61 (cysteine-rich 61)/CCN2/NOV (nephroblastoma
over-expressed)] family of matricellular signaling modulators
[13]. They are characterized by four conserved modular domains
displaying homology with an insulin-like growth factor-binding
protein, a von Willebrand factor-type domain, a thrombospondin
type 1 repeat, and a cysteine-knot at the C-terminus [14,15]. It
has been demonstrated that CCN2 mediates cell adhesion and
migration in a variety of adult cell types, including vascular endo-
thelial cells, ﬁbroblasts, and epithelial, vascular and aortic smooth-
muscle cells [16–19]. During development, CCN2 expression is de-
tected mostly in tissues of compact cell organization such as the
notochord, somites, cartilage and tooth bud [20–22]. CCN2 serves
as an adaptor to other ECM proteins, as exempliﬁed by its binding
to ﬁbronectin and perlecan [23,24]. RNA interference studies tar-
geting CCN2 also suppress the production of type I and type III col-
lagen in ﬁbroblasts, indicating that CCN2 is an upstream factor that
regulates ECM synthesis [25,26].
In the present study, we investigated the chemoattractive and
adhesive properties of CCN2 to P19 cells. We showed that CCN2
has a chemotactic property, increasing cell aggregation around
its source. A Boyden Chamber assay indicated that CCN2 is a
chemoattractive molecule; increasing the migration of P19 cells
up to threefold. In order to investigate the adhesive properties of
2 The axial stiffness of an optical trap is twofold smaller than the transverse
stiffness [31]. Considering a bead displacement of 1 lm and using our optical
tweezers calibration for transverse optical force measurements [29,30], we estimated
the axial force as 20 pN.
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this protein to the P19 cell surface. This newmethod allows a rapid
and speciﬁc interaction between a desired protein and the cell sur-
face, eliminating potential effects of other proteins capable of
masking or even disturbing the adhesion. Our results support the
idea that CCN2 has a chemotactic property, whereas it is not an
adhesive molecule for P19 cells.
2. Materials and methods
2.1. Production of recombinant CCN2
Full-length CCN2-ﬂag protein was produced using CCN2-ﬂag S2
stable cells as previously described [15]. Brieﬂy, CCN2-ﬂag S2 cells
were cultured in Schneider’s Drosophila Medium (10% FBS, 56 lM
Hygromycin-B, and 100 mM CuSO4) (Invitrogen) for two days to in-
duce CCN2 expression and secretion. CCN2-enriched medium was
collected and puriﬁed. The protein concentration was determined
by the Lowry method [27].
2.2. Incubation of P19 cells with CCN2-coated beads
Anti-ﬂag agarose beads were washed three times with 50 mM
Tris–HCl buffered saline (TBS), incubated with CCN2-enriched S2
culture medium overnight at 4 C, and ﬁnally washed three times
with TBS. Approximately 200 CCN2-coated agarose beads were
transferred to each well containing P19 cells. After 24 h, the med-
ium was removed and the cells ﬁxed for 20 min in 4% paraformal-
dehyde-PBS (Sigma–Aldrich, USA). DAPI labeling was performed
and cells were observed for bright-ﬁeld and ﬂuorescence micros-
copy in a Nikon Eclipse TE300 microscope (Nikon, USA). For adhe-
sion-time experiments with optical tweezers, we used polystyrene
beads with 3 lm diameter (Polysciences, USA). CCN2, bovine ser-
um albumin (BSA) (Sigma–Aldrich, USA), ﬁbronectin (FN) (Sig-
ma–Aldrich, USA), and laminin (LN) (Sigma–Aldrich, USA) coated
beads were prepared as previously described [28]. Brieﬂy, CCN2,
BSA, FN, and LN (0.1 mg/mL) were added to separate bead solution
samples and were incubated overnight at 4 C. Uncoated beads
were incubated with PBS only. Finally, beads were centrifuged at
10,000g for 10 min at 4 C, washed three times with PBS and resus-
pended again in PBS solution to be used.
2.3. Quantiﬁcation of P19 cells attached to CCN2 treated beads
P19 cells were cultured in a-MEM supplemented with 10% fetal
bovine serum (FBS) and 500 U penicillin and streptomycin (Invitro-
gen, Carlsbad, CA). In order to determine the number of cells
adhered to the beads, 30 agarose beads (15 uncoated and 15
CCN2-coated) were analyzed. The results were plotted using
GraphPad Prism software (GraphPad Software, La Jolla, CA). Statis-
tical analysis was performed using the non-parametric Mann–
Whitney test.
2.4. Scanning electron microscopy
P19 cells were cultured on coverslips in the presence of un-
coated or CCN2-coated agarose beads. After 24 h the cells were
ﬁxed in 2.5% glutaraldehyde (Sigma–Aldrich, USA) in 0.1 M sodium
cacodylate buffer (pH 7.2) for 1 h, rinsed in the same buffer, and
post-ﬁxed in buffered 1% osmium tetroxide (Sigma–Aldrich, USA)
for 40 min. The cells were dehydrated in ethanol, critical-point
dried (CPD 030 – Bal-Tec, Liechtenstein), and gold-sputtered
(SCD 050 – Bal-Tec, Liechtenstein). Finally, the samples were ob-
served in a JEOL SEM 5310 (Jeol Inc., Tokyo, Japan), operated at
15 kV. The images were acquired using SEMAfore Software (Jeol
Inc., Tokyo, Japan).2.5. Cell proliferation assay using [3H]-thymidine incorporation
1  105P19cells perwellwereplated ina-MEMwith1%FBSwith
CCN2-treated, untreated beads or in the presence of mitomycin.
Three micro curie of [3H]-thymidine was added in each well. After
6, 12, and 24 h, themediumwas removed and 300 ll of 10% trichlo-
roacetic acid was added to the cells. Cells were harvested and [3H]-
Thymidine incorporation was measured in a scintillation counter.
2.6. Optical tweezers microscopy
The optical tweezers used in this study [29,30] were con-
structed using an infra-red Nd:YAG laser with wavelength of
1.064 lm (Quantronix, East Setauket, NY), a gaussian intensity pro-
ﬁle (TEM00 mode), and maximum power of 3 W. The optical trap
was constructed in an inverted Nikon Eclipse TE300 microscope
(Nikon, Melville, NY), equipped with an incubation chamber that
controls the sample temperature at 37 C and the CO2 pressure at
5%. A PLAN APO 100 1.4 NA DIC H Nikon objective was used to
create the optical trap and to observe the samples.
2.7. Adhesion time experiment
To measure the characteristic adhesion time s of a 3 lm-diam-
eter polystyrene bead coated with protein P to the surface of the
P19 cells, a bead was captured and moved towards a P19 cell using
the optical tweezers. After that, the bead was pressed against the
cell surface with an estimated axial force of 20 pN2, during a time
interval (t). Then, the laser beam was turned off and the bead was
considered ‘‘adhered’’ (positive adhesion event) if it remained at-
tached to the cell membrane. Ten different beads, in three different
experiments, were used for each (t). The number of positive adhe-
sion events (N) divided by the number of attempts performed (N0)
was deﬁned as the relative adhesion.
The relative adhesion was measured for each time point. The
characteristic time s was deﬁned as the time required for 63%
of the adhesion events to be positive in all the attempts tested,
and it was determined based on the best ﬁt for the curves obtained
according to the equation:
N
N0
¼ 1 exp  t
s
 
: ð1Þ
The error bars in the relative adhesion experiments were deter-
mined as half the difference between the maximum and minimum
values for each time in 30 different events. The error bars in the
characteristic time were obtained using the best curve ﬁt to Eq
(1) and weighting the data with the errors of the relative adhesion.
The curve was ﬁtted using the Kaleidagraph software (Synergy
Software, Essex Junction, VT). This protocol was adapted from a
previously published protocol [32].
2.8. Cell migration experiment
Cell migration experiments were performed in a Boyden Cham-
ber [33] using 12-lm Nuclepore polyvinylpyrrolidine (PVP)-free
polycarbonate ﬁlters (NeuroProbe, USA). Three concentrations of
CCN2 (0.1, 0.5, 2 nM) and two control conditions: a-MEM serum-
free medium (SFM) and a-MEM with 10% FBS. After 4 h of incuba-
tion at 37 C, cells on the upper side of the ﬁlter were scraped off.
Migratory cells located on the lower side were stained with 0.1%
crystal violet. Cells in six different ﬁelds per condition were
counted.
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To verify the presence of CCN2, FN, and LN on polystyrene
beads, treated beads were mixed in sample buffer (see below) to
detach proteins, centrifuged and the supernatant was collected.
To obtain conditioned medium, P19 cells were incubated with
a-MEM medium for 24 h. After that the media was centrifuged
and the supernatant was collected. To verify if CCN2 molecules
could be released from the agarose beads to the culture medium
during the time, we incubated 200 CCN2-coated agarose beads in
P19 cells conditioned medium for 6, 12, 18 and 24 h. After that,
the mediumwas collected at each time-point. Samples were mixed
in sample buffer [0.02 mM dithioreitol (DTT); 1.38 mM sodium
dodecyl sulfate (SDS); 125 mM Tris–HCl, (pH 6.8 and 20% glycerol)]
and separated by 5–12% SDS–polyacrylamide gel electrophoresis.
Proteins were then electro-blotted to a PVDF membrane (Hy-
bondTM-P, Amersham Biosciences, Brazil). Membranes were
blocked in 5% non-fat drymilk in Tris-buffered saline 0.001% Tween
20 (TBS-T) for 1 h and then incubated with the primary antibodies:
polyclonal anti-CCN2 (Torrey Pines Biotechnology, USA), polyclonal
anti-ﬁbronectin (Sigma–Aldrich, USA) and polyclonal anti-laminin
(Sigma–Aldrich, USA) overnight. The reaction was observed using
SuperSignalWest Pico Chemiluminescent Substrate (Pierce, USA).
Each protein band intensity (I) was determined as the productFig. 1. P19 cells preferentially adhere and surround CCN2-coated beads. (A) P19 cells aro
Higher magniﬁcation of a P19 cell spreading over a CCN2-coated bead. Scale bars: (5 lm f
24 h. (E) Number of cells contacting individual beads and present in a circular area of app
of the bead. Mann–Whitney test was performed (⁄means p<0.05).between its area and its mean gray level; both measured using
ImageJ software and normalized with the products for the
untreated ones.
3. Results
3.1. P19 cells preferentially attach to CCN2-coated agarose beads
It has been shown previously that CCN2 induces the formation
of spherical cell aggregates when added to P19 cells [15]. Here, we
used recombinant puriﬁed CCN2-ﬂag bound to anti-ﬂag conju-
gated agarose beads to evaluate the local action of CCN2 on P19
cells. We observed few P19 cells close or attached to the uncoated
beads (Fig. 1A). However, we detected many P19 cells surrounding
and adhering to the CCN2-coated beads (Fig. 1B). Interestingly, P19
cells adhered to CCN2-coated beads displayed morphological
changes typical of migrating cells (Fig. 1C). In order to verify
whether this cellular aggregation could be a consequence of cell
proliferation, we performed a [3H]-thymidine incorporation assay.
Interestingly, the proliferation rate of P19 cells with uncoated
beads was slightly higher than that observed for P19 cells with
CCN2-coated beads (Fig. 1D). This result showed that the prolifer-
ation of P19 cells cannot account for the cellular aggregation
around CCN2-coated beads, indicating that this phenomenon isund uncoated bead. (B) P19 cells aggregated and adhered to CCN2-coated beads. (C)
or A and B. 10 lm for C). (D) Thymidine incorporation assay analysis at 6 h, 12 h and
roximately 8  104 lm2 or (F) deﬁned by a limiting radius of 160 lm from the center
Fig. 2. CCN2 is a chemoattractive molecule to P19 cells. (A) Western blot analysis of
the P19 cell-free medium cultured for 6, 12, 18 and 24 h in the presence of uncoated
or CCN2-coated beads. (B) Quantiﬁcation of the western blot band intensities for
each time point used normalized by the intensity for the untreated ones (control).
Error bars means the standard error of three different experiments. (C) Boyden
chamber experiments for CCN2 at 0.1 nM, 0.5 nM, 2 nM and control conditions:
FBS-10% and SFM. Anova-test was performed (⁄⁄⁄means p < 0.001).
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esis, we counted the number of cells contacting the uncoated or
CCN2-coated beads (Fig. 1E and F). The number of cells that ad-
hered to uncoated beads ranged from 7 to 18 cells, whereas in
the case of the CCN2-coated beads the number ranged from 14
to 49 cells (Fig. 1E). We also counted the cells found in a circumfer-
ence area of 8x104 lm2 for both situations. We observed 334 to
597 cells around CCN2-coated beads, and 112 to 289 cells around
uncoated beads (Fig. 1F). Together, these results support the initial
hypothesis that CCN2-coated beads stimulate cellular aggregation
by a CCN2-chemotactic effect on P19 cells.Fig. 3. CCN2 adhesion on the P19 cell surface. (A and B) Two representative frames
of a video taken during the experiment. (A) When the bead is not touching the cell
and (B) when the bead was moved toward the cell surface. Scale bar: 10 lm. (C)
Western blot conﬁrming that CCN2, LN and FN were attached to the beads. CCN2
pure protein was used as a positive control (input). (D) Quantiﬁcation of the
western blot band intensities for each protein used to coat the beads normalized by
the intensity for the untreated ones (control). Error bars means the standard error of
three different experiments. (E–I) Plot of the relative adhesion of (E) CCN2, (F) BSA,
(G) FN, (H) LN-coated beads and (I) uncoated beads to P19 cells as a function of
time.3.2. CCN2 chemotactic and adhesive roles
To test the possibility that agarose beads could form a gradient
of CCN2 molecules by releasing them into the culture medium,
therefore attracting and inducing P19 aggregation, we incubated
CCN2-coated or uncoated beads with a conditioned a-MEM med-
ium for 6, 12, 18, and 24 h. The medium was collected and immu-
noblotted with CCN2 antibody. CCN2 was not detected in the
medium in the ﬁrst 6 h, but was ﬁrst detected after 12 h of incuba-
tion and increased in the subsequent 18 and 24 h (Fig. 2A and B).
This result indicated that CCN2 was released from the bead to
the medium. Therefore, free CCN2 molecules in the medium may
create a gradient that attracts cells toward the beads. To ensure
that the CCN2 effect on cell aggregation is caused by chemoattrac-
tion, we performed a Boyden Chamber assay. The quantiﬁcation of
these experiments showed that 2 nM of CCN2 induced a 2.5-fold
migration through the membrane, compared with the medium
supplemented with 10% FBS (Fig. 2C). These results indicated that
CCN2 acts as a chemoattractive molecule for P19 cells.To test if CCN2 protein would also act as an adhesive molecule,
we used optical tweezers to measure the characteristic adhesion
time s of P19 cells on CCN2-, LN-, and FN-coated beads. To illus-
trate the experiment, we provided an image of the laser-trapped
bead moving towards the cell surface and another one of the bead
being pressed against the cell surface using the optical trap (Fig. 3A
and B). Western blot experiments conﬁrmed the presence of each
protein in the beads surfaces (Fig. 3C and D). Fig. 3E shows the plot
Table 1
Results for the adhesion time experiment.
s (s)
CCN2 10 ± 2
BSA 13 ± 2
FN 2.7 ± 0.4
LN 1.8 ± 0.5
Negative control 3.4 ± 0.3 min
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function of time. We used BSA as a control for non-speciﬁc adhe-
sion (Fig. 3F). The CCN2 speciﬁc adhesion time was four times
longer than FN (Fig. 3G), ﬁve times longer than LN (Fig. 3H), and
20 times shorter than the negative control (Fig. 3I). CCN2 adhesion
time measurements were similar to BSA (Fig. 3E and F), indicating
that they have similarly weak adhesive properties when compared
to LN and FN (Table 1). These results demonstrate that, under these
experimental conditions, CCN2 is a weak adhesive molecule for
P19 cells.
4. Discussion
In this report we show that CCN2 protein-coated beads stimu-
late P19 cell aggregation as a result of the chemoattraction to the
coated-bead source. Surprisingly, our data revealed that CCN2 is
a weak adhesive molecule for P19 cells. Together these results sug-
gest that the CCN2 protein is likely to behave as a chemotactic,
rather than as an adhesive molecule for embryonic teratocarci-
noma cells.
Optical tweezers have been widely used for force measure-
ments in DNA, proteins, and other single-molecule experiments
[34], and also used to measure the elastic properties of cells and
structures on the cell surface [35,36]. Although the adhesive force
of CCN2-coated beads to the P19 cell surface was not directly mea-
sured in this study, the adhesive properties of proteins were deter-
mined. Even though the morphological changes in P19 cells
attached to the CCN2-agarose bead suggest that CCN2 inﬂuences
the adhesion of cells, the measurement of the CCN2-P19 surface
interaction shows that it is not directly involved in the adhesion.
Since its characteristic adhesion time is similar to the characteristic
adhesion time for BSA and much larger than those obtained for LN
and FN, known adhesive molecules, we conclude that CCN2 is not
itself an adhesive molecule.
Several reports have focused on CCN2-mediated adhesion and
migration in different cell types including ﬁbroblasts, osteoblasts,
chondrocytes, myoblasts, and stellate and mesangial cells
[16,17,19,37]. In contrast, our results demonstrated that CCN2 is
a weak adhesive molecule to P19 cells when compared with LN
and FN. How can we account for the discrepancies between our re-
sults and those that considered CCN2 as an adhesion molecule?
[16,17] Concerning cellular types, we used P19 cells and, to our
knowledge, we were the ﬁrst to perform experiments demonstrat-
ing the adhesive role of CCN2 in these cells. Indeed, we have re-
ported previously that the CCN2 protein stimulates P19 cell
aggregation and that silencing of CCN2 impairs this phenomenon
[38].
In addition, we used a new method to assess the adhesive prop-
erties of molecules. Our method differs from those used in previous
adhesive assays [16,17]. These studies assessed the adhesive prop-
erties of CCN2 by plating the cells on a speciﬁc surface previously
coated with the protein for a period of time (on average 30 min) in
order to quantify the percentage of cells that attached to the sur-
face. We conjecture that during this incubation time, CCN2 could
induce the expression of adhesive molecules, rather than itself act-
ing as an adhesive molecule.In fact, chondrocytes isolated from Ccn2/ mice exhibit im-
paired type II collagen, aggrecan expression, and ECM synthesis
[39]. It has also been shown that CCN2 treatment enhanced the
migration of chondrosarcoma cells by increasing MMP-13 expres-
sion through the alphavbeta3 integrin, FAK, ERK, and NF-kappaB
signal transduction pathway [40]. Based on all these results and
on our ﬁndings that CCN2 is a weak adhesive molecule for P19
cells, we suggest that CCN2 induces cell-adhesion cascades by pro-
moting the expression of MMPs and ECM proteins, without itself
acting as an adhesive molecule for P19 cells.
Here we describe the usefulness of a new approach that may
have wide applicability for the study of adhesion properties of mol-
ecules. The adhesion time obtained in our study could provide
quantitative parameters for evaluating molecular adhesive proper-
ties under different conditions or also to apply the model to com-
pare the adhesion properties of a certain molecule for different
regions in the same cell. The method employed in this study could
be useful to understand the relationship of molecular adhesion
properties and the cell response to a local stimulus. In conclusion,
the results presented here suggest a new interpretation of the role
of CCN2 in cell adhesion.
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